Abstract. Poly(lactic acid) or PLA and PLA/wood-flour composites were microcellular foamed with CO2 through a batch foaming process. Specifically, the gas saturation pressure and time varied during processing to produce PLA foams with a high expansion ratio. A ten fold expansion ratio resulted in microcellular foamed PLA over unfoamed counterpart. The foaming conditions associated with such a high expansion ratio involved a lower gas saturation pressure up to 2.76 MPa, which corresponds to a critical gas concentration of approximately 9.4%. Beyond this critical value, foam expansion decreased significantly. Investigations also studied the effect of incorporating wood flour on the foamability of the resulting PLA/wood-flour composites. The addition of wood flour into the PLA matrix significantly affected the expansion ratio of PLA/wood-flour composite foams.
Introduction
Poly(lactic acid) or PLA, a plant-based biodegradable plastic, exhibits many properties equivalent to or better than many petroleum-based plastics. However, few commercial applications exist not only due to its lower impact resistance and higher cost than synthetic plastics, but also to having a narrow processing window [1] . Blending PLA with various additives such as lubricant, plasticizer or a second polymer assists in broadening its applications [2, 3] . Unfortunately, this approach could increase the manufacturing cost given the additional expenses associated with the additives [4] . Previous efforts to overcome the cost of PLA included blending with fillers such as cellulosic fibers [5] . However, the lowered cost due to filler addition is usually achieved at the expense of other properties such as the ductility (lower elongation at break) and lower impact resistance, because the incorporated brittle cellulosic fibers alter the ductile mode of failure of the matrix, making the composites more brittle than neat polymer [6] [7] [8] . Continuous efforts seek to further reduce the cost of PLA while enhancing its flexibility and toughness. Recently, Wong et al. [9] reported that plastics are one of the most consumed materials in the world and in typical plastics manufacturing processes, the material cost account for 50-70% of the total production cost. Therefore, there is a significant economic interest to reduce material usage. The widely recognized foaming process, which includes microcellular plastics as an example, enhances the ductility and impact resistance of the polymer matrix, in addition to providing a significant expansion ratio and weight reduction in plastic parts [10, 11] . The high expansion ratio induced by foaming succeeds in reducing the material cost and consumption in mass-produced plastic parts without a major compromise to the required properties [10, 11] . Recently the production of microcellular-foamed structures in the polymer through a batch and continuous foaming processes has addressed several of the hindrances associated with PLA [4, [12] [13] [14] [15] [16] [17] [18] [19] [20] . Over the past years, several in-depth studies have examined the effects of the processing conditions and formulations on the foamability of PLA in a batch process [4, [12] [13] [14] [15] [16] [17] [18] [19] [20] ]. Fujimoto and coworkers described the foam processing of neat PLA and two different types of PLA/layered silicate nanocomposites using supercritical CO 2 as a foaming agent [12] . The nanocomposite foams showed smaller cell size and larger cell-population density compared to neat PLA owing to the dispersed silicate particles which acted as nucleating sites for cell nucleation [12] . The concentration of organically modified layered silicates has also been shown to strongly affect the cell size and cell-population density of PLA and PLA nanocomposites [18, 19] . Compared with neat PLA, the nanocomposites foamed at 110°C using a 20:80 blend of CO 2 :N 2 mixture as the blowing agent exhibited reduced cell size and increased cell-population density, due to the presence of the heterogeneous bubble nucleation sites. However, nanocomposites with higher organoclay content (10%) was poorly foamed due to the intrinsically high viscosity and elasticity, caused by organoclay exfoliation and chain extension/branching, which reduce the cell growth [18] . Conditioning PLA with CO 2 has been reported to induce crystallinity in the polymer and the degree of crystallinity of PLA increases with increasing saturation pressure [14, 15] . The greatest increases in crystallinity under room temperature conditions was observed at pressures between 2.1 and 2.8 MPa, and this induced crystallinity significantly affected the PLA foamability. In fact, Hu et al. [15] reported that lower saturation pressure (up to 2.8 MPa) leads to more uniform microcellular structures whereas foam structures become inhomogeneous with an increase in saturation pressure, owing to the rapid diffusion of CO 2 out of the polymer. Attempts have also been made to enhance the foamability of PLA by controlling the melt rheology of PLA through increasing the molecular weight to compensate for the molecular weight decrease caused by processing degradation and to increase the melt viscosity [19, 20] . PLA modified with chain extenders showed enhanced melt viscosity and elasticity, resulting in the production of foamed PLA with smaller cell size, higher cell-population density, and lower foam density compared to the unmodified counterpart [19, 20] In addition to the ingredients used in the PLA formulations, processing variables also affect the foamability of PLA. Investigations have shown that the foaming time and/or the foaming temperature are important process variables for controlling the density and porous morphology of PLA foams owing to their effects on the visco-elastic properties of the polymer [4] . Studying the dependence of the foam density on the foaming temperature under different CO 2 pressures (14-30 MPa) for both neat PLA and PLA-based nanocomposites, Ema et al. [13] reported that the critical foaming temperature is around 140°C where the morphology of foamed samples changes from nanocellular to a microcellular structure. The competition between cell nucleation and cell growth accounts for these two distinct trends. Cell nucleation dominates at the low foaming temperature (up to 140°C), owing to a large supply of CO 2 molecules in the system coupled with the high viscosity of the matrix, which suppresses cell growth. By contrast, cell growth and coalescence occurs at higher foaming temperature (>150°C) due to the low viscosity of the system [13] . Our previous study showed significant improvements in the volume expansion ratio (a two-fold expansion over unfoamed PLA), impact resistance (up to four-fold increase over unfoamed PLA), strain at break (up to two-fold increase over unfoamed PLA), and toughness (up to four-fold increase over unfoamed PLA) by creating foamed microcells in PLA samples. The results imply that foamed PLA exhibits enhanced ductility and impact resistance owing to the presence of microcells [4] . Although previous study indicates the successful creation of microcellular structures in PLA [4] , a higher expansion ratio (greater than two-fold expansion over unfoamed PLA) remained unobtainable. The reasoning behind this result lays in the fact that some critical foaming conditions such as saturation pressure and time, which exert a strong influence on the foaming ability of the polymer matrix, stayed constant in our previous study [4] . Therefore, investigating the feasibility of producing a larger expansion ratio in PLA requires further studies. This study aims to investigate other parameters, in order to achieve the desired expansion ratio. Furthermore, while demonstrations that clearly illustrate the importance of generating microcellular foamed structures in neat PLA as a means to improve its impact strength and reduce material consumption (through expansion) exist, the effect of incorporating cellulosic fibers on the foamability of the resulting PLA/wood-flour composites lacked investigation in our previous study. Improvements in the toughness of PLA by microcellular foaming resulted at the expense of the strength and stiffness, implying the need for using fibers to strengthen foamed samples. Therefore, this study also aimed at understanding the foamability of PLA filled with wood flour.
Experimental 2.1. Materials
The matrix consisted of a commercial grade PLA resin (PLA 8302D from NatureWorks ® LLC, Minnetonka, MN, USA). The properties of this resin measured by the authors [21] include the following (a density of 1.257 g/cm 3 , a percent crystallinity of 1.2%, and a melt flow index of 6.5 g/10 min (190°C, 2.16 kg dead load). Carbon dioxide acted as the foaming agent (commercial 99.5% min). Wood flour from hardwood maple species (40-mesh size) supplied by American Wood Fibers (Schofield, WI, USA) was used as filler. Gammaaminopropyltriethoxysilane (SCA 1100) supplied by Struktol (Stow, OH, USA) was used as coupling agent.
Treatment of wood flour
The use of coupling agents, which are important ingredients in the formulations of plastic/woodfiber composites, also has a significant effect during the foaming process of the composites [22] . Surface modification of wood fiber with a coupling agent has strong effects on both the concentration of gas molecules absorbed by the composites and the cell morphology of the foamed composites produced through a batch foaming process [6, 22] . Previous studies showed that a microcellular-foamed structure was better developed in the composites with treated wood fibers than in the composites with untreated fibers because the addition of coupling agent into the formulation helped encapsulate the gas in the composites for the cell growth [6, 22] . Consequently, silane was used as a coupling agent to enhance the adhesion between the matrix and the filler. The silane coupling agent was mixed with wood flour in a 60 ml electrically heated three-piece internal mixer/measuring head (3:2 gear ratio) with roller style mixing blades (C. W. Brabender Instruments Inc., South Hackensack, NJ, USA). The mixing process ran at a constant mixer temperature of 100°C for 3 minutes. The rotor speed ran at 50 rpm with the weight charge set at 20 g. A 5 kg dead weight rested on the top of the ram throughout the experiments. The silane coupling agent content remained at 1%, based on the weight of wood flour in the composites [23] .
Manufacture of PLA and PLA/woodflour composite films
PLA and wood-flour treated with silane were directly blended in a kitchen mixer (Blender MX1050XTS from Warning Commercial Xtreme, Torrington, CT, USA) at 22 000 rpm for 1 minute. The amount of wood flour into the composites varied from 10 to 40 wt% based on the total weight of the composites. The compounded materials (60 g) were then fed into the internal mixer as described above for melt blending at 180°C for 5 minutes. The melted composites were then compressionmolded into panels (Erie Mill Co., Erie, Pennsylvania, USA) at 180°C and 3 MPa constant pressure for 1 minute. The thickness of the panels measured around 1.5-2 mm. Manufacturing neat PLA films followed a similar process.
Sorption and foaming experiments
Sorption experiments performed on neat PLA used a gravimetric method as described in previous papers [6, 22] . The main purpose of sorption experiments involves estimating the amount of gas absorbed in a polymer (or estimated gas solubility), one of the important factors in the gas foaming process [6, 22] . During the foaming experiments, the number of bubbles nucleated depends strongly on the concentration of gas dissolved in the molten polymer matrix [6, 22] .
Compression-molded samples were cut into 1.27 cm×2.54 cm rectangular specimens. The original weights of these samples were measured using a digital balance readable to 0.0001 g. The samples were then placed in a pressure chamber and saturated with CO 2 at various pressures (1.38 to 5.52 MPa or 200 to 800 psi) at room temperature for various periods of time (1-10 days) . At the end of the saturation, the CO 2 -saturated samples were removed from the pressure chamber and rapidly weighed again on the balance to determine the amount of CO 2 absorbed (measured solubility).
The weight gain percent of CO 2 was obtained by calculating the difference between the two weights. It should be pointed out that the loss of blowing agent in a batch foam processing used in this study is unavoidable. Nevertheless, the weight gain was measured within few seconds after removing saturated samples from the pressure vessel to minimize the gas escape to the environment. Producing microcellular-foamed structures in the neat PLA samples required subjecting the CO 2 -saturated samples to a rapid pressure drop and a rapid temperature increase that resulted in nucleation and growth of gas nuclei. This was achieved by taking the specimens out of the pressure chamber and heating them above their glass transition temperature using a well-controlled temperature bath at 150°C for 5 seconds. After foaming, the samples were kept in air for 10 seconds for cell growth and then immediately dipped into a water bath to freeze the foam structure and minimize the deterioration of cells through cell coalescence during bubble growth [4, 6, 22] . Composite samples were also foamed at 150°C for 5 seconds, but the samples were saturated at 2.76 MPa (400 psi) for 4 days based on sorptions isotherms, which will be discussed later on.
Characterization of microcellular foamed samples
The densities of the unfoamed (ρ u ) and foamed (ρ f ) samples measured according to ASTM standard D792 (Buoyancy method) involved measuring the weights of at least five randomly selected samples for each formulation in the air (m 1 ) and in n-hexane (m 2 ). Determining the density of the material (Equation 1), the void fraction (V f ) (Equation 2) or equivalently the density reduction, and the volume expansion ratio (φ) (Equation 3) used the following equations, respectively:
with ρ FL as the density of n-hexane (0.6594 g/cm 3 ). Scanning electron microscope (SEM) images obtained from a JEOL 6300F FESEM at 10 kV aided in observing and analyzing the cellular morphology of the foamed PLA samples. Gold-coating the fractured surfaces of foamed samples preceded to SEM analysis.
Results and discussion 3.1. Sorption behaviors of CO 2 in PLA
Although the aim of this study was to produce microcellular foam in PLA/wood-flour composites, it is paramount to first understand the effect of saturation conditions on the foamability of neat PLA since the gas does not dissolve in wood particles, i.e., PLA is the only component of the composite that can be foamed. The amount of sorbed CO 2 in neat PLA was determined as a function of the saturation pressures (from 1.38 to 5.52 MPa or from 200 to 800 psi) and times (1-10 days) at room temperature. Figures 1a  and 1b show the sorption isotherms obtained in these experiments and the effect of the gas saturation pressure (10 days saturation time) on the amount of gas dissolved in the matrix, respectively. The gas content in the polymer followed Henry's law and remained directly proportional to the gas pressure ( Figure 1 ) [4] . This trend was expected because by increasing pressure, the gas molecules are forced between polymer chains, expanding the space between molecules and thus increasing their mobility, which allow more gas molecules to be absorbed [24] . The amount of CO 2 (or measured solubility of CO 2 ) in PLA measured significantly higher (21.1%) when compared to other glassy matrices such as PVC (8.6%) and PS (0.8%) [4] . The Lewis acid-base intermolecular interactions where the carbonyl groups of PLA act as an elec- spective of the saturation duration (Figure 1a) , the amount of CO 2 absorbed by neat PLA, however, only acted as a strong function of saturation time at lower saturation pressures (up to 2.76 MPa or 400 psi). Absorbing the large amount of CO 2 when saturated at lower pressure required a longer saturation time for PLA. As seen in Figure 1a , the CO 2 content in the PLA at 1.38 MPa (200 psi) doubled when the saturation time increased from 1 to 10 days, implying that the longer the polymer is exposed to CO 2 , the greater the absorbed CO 2 amount by the polymer as expected from the Fick's law of diffusion [22] . Similar trends were reported by other investigators [29] . 
Morphology and expansion ratio of microcellular neat PLA
Figures 2 and 3 illustrate the effect of CO 2 saturation pressure on the cellular morphology of microcellular foamed neat PLA. A lower saturation pressure (1.38 MPa) produced larger cells compared to higher saturation pressures. Overall, the lower saturation pressures (up to 2.76 MPa) resulted in more uniform microcellular structures. Higher saturation pressure resulted in the structures becoming inhomogeneous and drastically deteriorated, owing to the polymer's rapid diffusion of CO 2 and the CO 2 -induced crystallization in PLA from the plasticizing effect of gas at high concentrations [15, 30] . These results correlated with those reported by other investigators who found that an optimal saturation pressure for foaming PLA exists. For example, Hu and coworkers [15] measured the degree of crystallinity of PLA [a copolymer of poly-L-lactic acid (PLLA) and poly-DL-lactic acid (PDLLA)] conditioned with CO 2 at room temperature and pressures up to 5.8 MPa. They found that the degree of crystallinity increases with increasing saturation pressure [15] . In fact, lower saturation pressure (up to 2.8 MPa) led to more uniform microcellular structures with cell diameters on the order of 30-40 μm and a cell density of 7.93·10 7 cell/cm 3 . By contrast, foam structures became inhomogeneous and cell size decreased with an increase in saturation pressure, owing to the rapid diffusion of CO 2 out of the polymer. As a result, the density of the foamed sample was almost similar to that of unfoamed material [15, 30] . Furthermore, it is recognized that the solubility and diffusivity of gas in semi-crystalline polymers are a function of the degree of crystallinity because gas does not dissolve in the crystallites [22, [31] [32] [33] .
Increasing the mass fraction of crystallite in the polymer leads to the reduction of the amorphous matrix mass fraction. As a result, the solubility and diffusivity of gas are reduced since the gas does not dissolve in the crystallites, and the crystallites tend to obstruct the movement of gas molecules in the polymer [22] . Since the crystal domains in semicrystalline polymer do not absorb gas, induced crystallinity in PLA by increasing the gas saturation pressure may have reduced the amount of gas available in the amorphous region due to the lower amorphous volume fraction, thus affecting the morphology developed in the foamed PLA samples saturated at higher pressure (Figures 2c and 2d ). Figure 4 shows the effect of saturation pressure on the void fraction and volume expansion ratio.
Higher volume fraction and expansion ratio were achieved, but they remained almost constant as the gas saturation pressure increased up to 2.76 MPa. However, above 2.76 MPa, both the void fraction and the expansion ratio were directly proportional to the gas pressure; they decreased as the gas saturation pressure increased. The results suggest the need for a critical gas concentration of approximately 9.4% for significant foam expansion to occur. Increasing the concentration of CO 2 beyond this critical value had a deleterious effect on the volume expansion, i.e., foam expansion remained low. The results imply the potential for achieving a higher expansion ratio in microcellular PLA foams conditioned at lower saturation pressure (e.g., up to 2.76 MPa) that corresponds to a critical gas concentration of approximately 9.4%. At this condition, the saturation time of 4 days will be required for CO 2 diffusion in the samples (Figure 1a ).
Morphology and expansion ratio of microcellular foamed PLA/wood-flour composites
Figures 5 and 6 illustrate the effect of wood flour content on the cellular structures of PLA/woodflour composites, whereas Figure 7 shows the influence of wood flour content on the void fraction and volume expansion ratio. The samples were saturated at 2.76 MPa (400 psi) for 4 days and foamed at 150°C for 5 sec. Lower saturation pressure was selected since it produced foamed PLA specimens with homogeneous morphology (Figures 2 and 3 ) and high volume expansion ( Figure 4 ). All microcellular foamed PLA/wood-flour composite samples had cells with finer average size than their neat PLA counterpart (Figures 5 and 6 ). The cell size decreased further as the wood flour content increased in the matrix. The incorporation of wood flour into the PLA matrix produced this expected effect, as it increased the melt viscosity of the matrix and made the composites stiffer than the unfilled PLA, which provided high resistance to the cell growth in the polymer matrix [6, [34] [35] [36] [37] [38] . Observations also suggest that the addition of wood flour into the PLA matrix significantly affected the expansion ratio (void fraction) of PLA/wood-flour composite foams. As illustrated in Figure 7 , increasing the wood flour content in the PLA matrix tended to noticeably decrease the expansion ratio of PLA in foamed samples. The anticipation of this tendency can be attributed not only to the number of nucleated cells and their growth, which controls the volume expansion ratio (or void fraction) during the foaming process but also to the strong dependency on the amount of gas molecules dissolved in the material as well as the volume fraction of the matrix in the composite [6, [34] [35] [36] [37] [38] . Our previous study showed that increasing wood flour content in the composites tends to decrease the volume fraction of the matrix in the composites [22] . Consequently, with a noticeably lowered amount of gas absorbed by the composite samples during foaming than that absorbed by neat plastic [6, 34, 37] , coupled with the decreased fraction of the matrix available for gas diffusion, the volume expansions in the composites also remained far inferior to those in the unfilled PLA foams. 
Conclusions
The influence of gas saturation conditions was assessed to produce microcellular foamed PLA with a high expansion ratio. In addition, this study examined the effect of incorporating wood flour on the foamability of the resulting PLA/wood-flour composites. The experimental results produce the following conclusions: Microcellular PLA foams have the potential for a larger void fraction (up to 82% density reduction) and higher expansion ratio (ten fold expansion over unfoamed PLA). The foaming conditions associated with such an elevated expansion ratio involved a lower gas saturation pressure up to 2.76 MPa, which corresponds to a critical gas concentration of approximately 9.4%. Increasing the concentration of CO 2 beyond this critical value had a deleterious effect on the volume expansion, i.e., foam expansion decreased significantly. The addition of wood flour into the PLA matrix significantly affected the expansion ratio (void fraction) of PLA/wood-flour composite foams. Increasing the wood flour content in the PLA tended to noticeably decrease the expansion ratio of PLA in foamed samples.
